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s pour turbines eoliennes, dont I'orgtme 
que mesure, non pas la vicesse du groupo 
lui ni?nie ; mais, au contraire, la vitesse du vent, 
par cXejnpIe au moy«n d'une petite helice a pas 
fixe, bnuamee lihremfnt par la RuJde moteur. Ledit 
nrgarie 1 achy nuetri que commandant lc pas de l'he- 
lice principale, on con^oit qu'a. chaque vitesse raesu- 
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e vitesse de rotation arbitrairement 
choisi, poskif, nul ou meme ncgatif- Par ailleurs, 
en re qui concerne, pour un vent donne, le decre- 
ment de vitesse de rotation en fonction. de la ehatge 
absorbee par la machine reccptrice, il eat bien evi- 
dent qu'il ne peut etre que negatif, ut qu'il est 
determine dans cc cas par less caracteristiques natu- 
relles d« couple-vilcssc de Iadite 6oliemie. Les 
valours rourantes de ces caracteristiques sont d'un 
tel ordre de 51'andeur quo, rtans le cas de l'inter- 
curmexioti par Couplagp avcc un reseau dont.l« sta- 
tisrrie general est inferieur, par example, a 5 %, 
Jucun effet pratique de reglage. tiw pourrait prove 
nir d'un regulateur de oc type deja connu. 

Le. regulation d'eolimnt-. selon I'invention a pour 
Luc uasenfiellemont de permcltre aussi bien en 
-regime independam qu'en participation dans un 
reseau dVnergie interc.onnecte, tanf 
1'adaptation aux fluctuations du vrnr 
merit maximum lorsqu'on 
de l'energie recupoiable 
rcglag< 


'efhetuer 
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; pai ticiper an reglsge de- puissance ou de Vitesse 
de la machine reccptrice en depit des fluctuations 
du vent, dans; loute la mesiire du possible. A titre 
d'exernple non lirnitatif. dans le cas particular 


d'une eolienne entrajnant directement ou indirecte- 
ment un alternateur syn.ch.ronc couple a un reseau 
interconnects, I'invention perrnet notamraent de 
participer au rp.frlage de- frequence avec le etatisme 
voulu, en dSbit des caracteristiques naturelles de 
couple-Vitesse de l'eolisnne, qui peuvent ctrc quel- 
cunques dans une certaine mesurc. 

D'une facon generate, cn ce qui concerne l'ex- 
ploitation des reseaux d'e.nergie, et comrne pour les 
turbines hydrauliquei3 inatallee* au fil dc l'«au, 
on s'efforcera d'envoyer dans le reseau la totalite 
dc l'energie recupcrable aux eoliennes. Neamnoins, 
le regulateur selon I'invention pourra rendre des 
services dans plusieurs cas. A ritre d'ext)tnple3 non 
limitatifs, il pourra mornentaricrnent faciliter le 
demnrrage er l'accrochage au reseau, ct rflmedier 
automatiquernent a cortaines defaillances arciden- 
lelles de 1'intercnnnRxion ; ou bien, a titre provi- 
soire, dans lcs periodes ou 1'equipRment en moyens 
d'iritei connexion ne serait pas enrnre sufEsant mi 
locsque les moyfins d' accumulation d'energie 
U deja .sntures; il pourrait egalemcnt 5>irv)r 
titrc dp.Hnitif dans ccrtainea regions oil le vent 
: la aeule energif; naturelle djsponible et ou 
;xistent pas de pnssibilites d'accumulatioji. 

constant, on poujuait evidei 


Si le 


contenter pour chaqu 
sance rnotrice aux vari; 
absorber par )a machine 
pourrait etre assuree par 


olie 


de non 


'adapter la puis 
la puissance a. 
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regulatetirs 


deja connus, puisqu'il aufnrj 
Un Sc.ul patametre dependant de la puissance a 
sbsorbcr, et d'en deduire la conimande d'un seul 
organs de reglage agiasant sur la puissance a 
fournir. Il est a remarquer, d'une pnrt, que de tela 
regulateurs drja connus munis d'un seul orgarie 
de niesure pourraient donner satisfaction mfirne 
dans li! cas du vent reel variable, tout au rnoins aux 
moments oil le reglage ne demandt:rait qu'une fai- 
blc fraction de la puissance 
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s'accommodc implicitiiment d'ua rendc merit medio- 
cre. Mais, par contre, aux moments ou Ton ne 
desire pas regler, et oil Ton recherche Le rendement 
maximum de l'eolienne, il devient souhaitable de 
tenir comptc de La vitesse instantanee du vent pour 
satiafaire a la oneilleure condition de rendemenr, qui 
decoule etroitcment do ['adaptation de forme ou de 
vitesse de la turbine ou de son distcibuteur. On voir 
qu'il y a en realite deux problemes differents dont 
chacun eat justiciable d'un appareil de mesur<i 
special. En pratique, pour des raisons d'ordre cons- 
tructif, k- regulateur selon 1'invention mesurera Ie 
plus souvent ces deux paramctres au moyen de 
deux organes qui peuvent etre eonstamment en 
service., maia doni les indications ou les commanded 
ne suront executees que selon les besoins du mode 
d'exploifation du moment. 

C'est pnurquoi le regulateur selon 1'invention «st 
caraclerise essentielleinent par l'emploi en combi- 
naison successivement ou simultanemenr, d'au 
moins deux organes de racsure distinccs, qui jouent 
le role respectivement d'un anemometre et d'un 
puissancerneLre. Lcdic anemometre. etant obligatoi- 
rement, mais non exclusiverneiit, en service lois 
de la msrene a lendernrat ou puissance maximum, 
et It-s deux organes etant obligatoirement en service 
lorsque l"eoHe.nn« effeetue seule ou participe au 
reglage. de puissance ou de vitesse de la machine 
receptrice independence, ou du reseau d'energic 

A titre d'exemple nan limitatif, dans le cas par- 
liculier d'une eolienne entrainant directement un 
alternateur synchrone couple a un reseau intercon- 
nects;, pour une installation de puissance donnee or 
le statismc de la centrale etant choisi, la puissance 
qu'on desire fournir au reseau ne depend plus que 
de la frequence, et le puissanceruetie peut done 
etre remplace notamrnent par un tachymetre ou un 
frequenceinetre. Le regulateur selon 1'invention peut 
utiliser des organes de inesure queli^onques- En 
particirlip.r, i'anemoinetre peut et.re : 

Un rnoulinet ou une helice anxiliairo entrainant 
un tachymetre, par exemple du type mecanique 

Une giroueue a pale mobile ou srticulee: 

Un tube de ir'itot ou un convergent-divergent 

equips dc prises de pressions appiopriee? ; 

L'n fd chaud et ses liaisons et accessoires Clec- 

triques ; 

Un dispositif utilisant les effcts de I3 force cen- 
trifuge de l'air et, d'une faeon gcnerale, tons Ira 
effcts aerodynamiques direct'? oti seenndaires du 
vent, y compris les efforts ou les deplar.cment3 
d'une piece ou partie fixe ou mubile de l'eolienne: 
elle-meme ou de ses supports ou equipenienfs 
annexes. 

D'autxe part, pour tcnir compte des dispositions 
gcnerales de chaque centrale, les organes aynnt 


trait au regulnteur lui-rneme et a ses liaisons et 
comcnandes peuvent etre groupes ou repartis en 
divers endroils au bas des charpentes nu dans ]a 
partie fixe ou mobile des organes supports et de 
la turbine. II en resulte que le regulatuur selon 
1'jnvention peut, eventuellement, mfcrrre en <euvr« 
des transmissions a distance et des servo-moteurs 
de tous systemes conn us tela que mecaniques, 
hydra.uliques, pneuniatiques, tMcctriques, magncli- 
ques ou electruniques. La transmission de puissance 
de Feoliennc equipee d'un regulateur selon finven- 
tion peut etre d'un type quelconque, par exemple, 
aoit directe, soit par engrenages ou rourroies, suit 
enrore pur variateur de vitesse hydraulique, pneu- 
matirjue ou electtique. Le reglage de puissance dc 
l'eolienne elle-meme peut agir indifferemrnent sur 
la turbine ou sun distributeur dc maniere a regler 
la puissance TeeTlement fournie a la transmission. 
Selon un principe connli, ledit reglage dc: puissanf:e 
peut egalement consister a. agir sur un frein hydrau- 
lique, par excmple, dissipant le surplus d'energie 
qu'on ne veut pas utiliser. 

Les figures 1 et 2 representent, a titre d'exemple 
indicatif et non limitatif, les ronrbes de puissance 
et le schema dc realisation d'un regulateur selon 
1'invention/appHque a une eolienne actionnant une 
machine receptrice a vitesse sensiblenient constante, 
et qu'on peut coupler i un reseau de distribution 
d'energie classique. 

La figure 1 reprcsenle en ordonnees la puissance 
foumie et en abscisses la vitesse du vent. Pour 
les faibles vitesses du vent, de 0 a 1, L'eolienne ne 
tourne pus ou ne foutnit aucune puissance. Pour 
les vents moyens de 1 a 2, Veolienne peut travailler 
k son rendement maximum et l'on saiL que la 
puissance recupcrable varie en general sensiblc- 
ment. comtrie le cube de la vitesse. 

Pour les vents torts, de 2 a 3, la machine recep- 
trice. peut lravajller a sa puissance maximum et 
Ton doit vulontairement en general Hrniter a cettc 
valeur la puissance fournie. Enfio, pour les tem- 
petes dc 4 a 5, il est necessaire, selon le cas, de 
stopper la cenrrale et dc prendre le3 mcsures de 
pecurite qui s'imposeut. Lorsque reolieone equipee 
d'un regulateur selon I'invention doit participer au 
reglage, A chaque frequence du reseau correspond 
une certaine puissance a fournir independamment 
dc la vitesse du vent, dans la limice d'energie dis 
portible definie ci-dcssut>. Par exernple, pour les 
frequences reseau 49, 49.5, 50, Sf),.S ct 51 periodes 
par seconde, la puissance fournie peut etre celle 
indiquee par les dmites horizontales dc mcmes 
numeros respectifs. Le reglage, de statisnie corres- 
pond a modifier Fintervalle entre lesdites droites. 
Le reglage chargc-vitesse correspond a decaler plus 
ou moins vers le. haut ou vers le bas Tensemble 
desditcs droites sur la figure 1. 

La figure 2 ropresente le schema de principe des 


a savoir le regUge ^cle statisme et le reglage charge- 

meme sens qu'on leur attribue generalement 
■nans 1'art de 5 turbines hydrauliques. L'ancmometre 
est constilue par l'helice 6 entrainee par le vent, 
et situtifi, de preference, immediatcrnent a l'amont 
de leolienne tout t>n restant liors dp. la zone d'inter- 
aelion- L'helice C entralrie lo tachymecre mccflnique 
centrifuge: 7 avec ressort de rappel 8 lie a un point 
fixe, et butee do rotation 9 qui entraine le depla- 
cement axial tie la lige 10. 

L<i came a surface gauche 11 est anirnee de deux 
inouvemenl-s differents, indepcndants ; a savoir son 
ileplawmnm axial lie a la tige 10, et son displace- 
ment ang-ulaire He au raanchon clavete coulissant 
12 dont la position angulaire est definie par le 
seeteur 13. 

Lc suctour 13 est command!- en emplacement 
angulaire par le iil souplu inexlensiblr. 14 attache 
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prnportionnelle a la frequence du reseau, an moyen 
d'uaK tisnsmission quelnnnque convenable diiecte 
ou a distance, non representee. 

La came a surface gauche 11 entraine le coulis- 
sement du palpeur 25 dans son guidage fixe 26. 
A ehaque position du palpeur 25, correspond une 
position ConjUguee convenable de l'organe princi- 
pal de. commande de puissance non ropresente. 
Ledir. organ© principal p«ut etre, par exemple, Un 
dispusicif a pas variable s'il s'agit d'une hclice, 
et puur ^les eoliennes d'une certaine puissance il 

mediaire d'un rcdais ou servo -mote ur dB puissance, 
corinu et nnn represents. Pour satisfaire aux meil- 
ieure-s conditions de srabilite, des dispositifs 
annexes dp. principes conrtus eels qu'asservissenienta 
temporaires ou ac.Telernmet.re5 pourront etre incor- 

Selon les figures 1 et 2, la surface de la came 
dclimitee par les points 27, 23. 29 el 30 est une 
portion dp- rylindrc circulaire d'axe confondu avee 
r.elui dc la tige 10; le palpeur 25 ne se trouve dans 
rette zone que pour les vents faiMes de 0 a I pour 
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I lesquels i'eolienne ne fournit pas de puissance. S'il 
s'agit, par exemple, d'une heiice a pas variable, 
I ledit pas est nul et l'helice pent etre stoppee. La 
I surface 29, 30, 31 est une portion de surface do 
revolution d'axe 10; la ligne meridienne de cette 
| surface dafinit la loi dc commande du palpeur 25 
i pour que le pas de l'helice s'adapte de fagon opti- 
mum en fonction de la vitesse de Vanernornetre, 
ce qui correspond a la portion de courte caracte- 
ristique de. 1 4 2 pour laquelle l'colienne iourniL 
sa puissance maximum variant sensiblement comme 
le cube de la vitesse du vent. La surface 31, 32, 
33, 34 est une portion de r.yljndrc circulaire d'axa 
10, pour laquelle l'helice est en drapeau et pi;UL 
etre stoppee pendant les tempetes. La surface 29, 
j1, 32 est une portion de surface gauche qui est 
etnblie notamment selon les caracteristiques couple- 
vitesse de l'helice, *t r.'est dans cette seule surface 
gauche que la position du palpeur 25 se deplace a 
i la fois en fonction des mesiires de I'anemomcUe 6 
et du tachymetrH du reseau 22, r.© qui permei la 
regulation de puissance du reseau selun les droites 
caracteristiques telles que 49 a 51. 

Par Contre, lorsque le reglage charge-vitesse 24 
est a fund de course dans le sens compression du 
ressort 23, quelle que soit la frequence du reseau, 
lc tachymetie 22 est en butee et le palpeur 25 
touche la came le long de la ligne 27, 30, 31, 34 
selon la vitesse du vent, ce qui correspond a la 
marche normale de l'eolieime a, puissance maximum 
recuperable, sans consideration de reglage du 
reseau. En pratique, pour diverses raisons, notam- 
ment d'ordre construetif ou fonctionnel. les diver- 
ses surfaces de la came pourroni etre ramordees par 
des conges convenables. 
| L'invention cornprend de nombreuses variantes 
dc realisation, et notamment, dans certains caa par- 
ticuliers, il est possible pratiquement de remplacer 
la came gauche a troia dimensions par deux carries 
planes a deux dimensions. 

RESUME 

Dispositif regulateur d'eolienne caracnirise par 
1'emploi en combinaison d'au moins deux organes 
de mebure distincts, jouant. le role respecrivement 
d'uri anemometre et d'un puissancemetre. Lesdits 
organes de mesure sont utilises simultariement pour 
le reglage de 1'eolienne lorsque eelle-oi participe 
au reglage de puissance ou de vitesse de la machine 
entrainee. Par contre, lorsque 1'eolienne ne parti- 
cipe pas au reglage, I'anemomctre peut n'etre que 
seul en service. 
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Abstracc: Variable pitch is used in many wind 
turbines to regulate power generation. The choice 
<jf control objectives is broadly examined together 
with the influence of the controller on the 
dynamics of the wind turbine. 


1 


Introduction 


It is the purpose of the paper to investigate and clarify 
the role of the control system of a wind turbine. A com- 
plete review of the control and modelling of wind tur- 
bines has been given by Leithead [1]. 

There are two basic configurations of wind turbines, 
the horizontal axis wind turbine depicted in Fig. la and 
the vertical axis wind turbine depicted in Fig. lb. Control 
issues are relevant only to the former, and the wind tur- 
bines discussed in this paper are of" that type. The major 
components of the turbine are the tower, rotor (the 
blades and hub) and power train (the drive train and 
power generation unit). The drive train consists of the 
low-speed shaft, gearbox and coupling, if any, and high- 
speed shaft as shown in Fig. 2. The wind turbine configu- 
ration is assumed to conform to the following 
specification 

(i) horizontal axis 

(ii) grid connected 

(iii) medium/large scale 

(iv) variable pitch capability 

(v) all blades acting in unison 

(vi) generated power measurement. 

There are no further restrictions. l"he turbine may be 
constant speed with or without compliance adding 
devices in the drive train or variable speed with all pos- 
sible speed ranges. It is assumed that the variable pitch 
capability is employed in a tegulating fashion, with all 
blades acting in unison, and the operational usage which 
best exploits it (and cost/efficiency implications) is investi- 
gated. 

To have each blade acting independently requires 
independent instrumentation and actuation for each 
blade plus co-ordination of regulation at a higher level. 
The extra cost involved is generally assessed by the 
industry to outweigh any benefits [2, 3]. There is in prin- 
ciple, however, no difficulty in providing independent 
control of each blade, and this might be incorporated in 

F*i*-.r 77SUC (Pit), 1>1 1), first revived 16th May and in revised form 
17th September 1990 
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the next generation of control designs. Comparisons with 
other methods of regulating wind turbines, such as stall 
regulation, are not made. 


Power limiting docs not; however, induce smooth 
power, and in recent years it has been recognised by the 
industry that varying the pitch of the blades may be 
exploited to smooth the power. The windspeed can be 


? Review of pitch regulation 

The reasons which led to the introduction of variable 
pitch capability on medium and large scale wind turbines 
were to assist with start up and shut down operation, to 
provide ovcrspeed protection and to limit the load on the 
wind turbine. 

The turbine is normally operated between a lower and 
an upper limit of windspeed, typically 5 m/s to 25 m/s. 
When the windspeed drops too low to generate worth- 
while quantities of power the turbine is stopped to reduce 
wear. When the windspeed rises too high it is again 
stopped since it would be uneconomic to construct the 
turbine to be robust enough to operate in all windspeeds. 
The wind turbine must be capable of being started and 
run up to speed in a safe and controlled manner. The 
aerodynamic characteristics of some turbines are such 
that they are not self starting. The required starting 
torque may be provided by motoring or by changing the 
pitch angle of the blades. In either case, once started, the 
rotor acceleration rates and speed must be controlled 
prior to synchronisation with the grid. Shut down must 
be similarly controlled by feathering the blades on vari- 
able pitch machines: mechanical brakes only being used 
during the later stages. 

In normal operation, medium to large scale wind tur- 
bines are connected to a large grid, a consequence of 
which is to lock the rotational speed of the generator to 
the frequency of the grid. When the generator is directly 
driven by the rotor, the grid acts like an infinite load. In 
the event of system failure the load rapidly decreases to 
zeiu causing the turbine rotor to accelerate quickly. In 
emergency conditions nverspeed protection must be pro- 
vided by rapid braking of the turbine. Industrial practice 
has tended not to favour a reliance solely on mechanical 
brakes, since the demands on them would be very great 
because of the large inertia of the rotor and the large 
driving torque The general opinion is that some aero- 
dynamic assistance is preteucd. 

As the windspeed increases, the energy available for 
capture increases as roughly the cube of the windspeed. 
The high wind speeds are not encountered frequently 
enough to make it economic to extract the total energy 
available. A correspondingly high raring is iequired for 
the power train, which during normal windspeed would 
operate at a fraction of its capability in an inefficient 
manner, and the cost of the over-engineering involved is 
prohibitive. The alternative of aerodynamic power limit- 
ing is preferred. The normal method is to change the 
rotor and aerodynamic characteristics, either passively by 
stall regulation or actively by pitch regulation. At. a pre- 
determined windspeed (rated windspeed) the power input 
to the wind turbine will have reached the limit for contin- 
uous operation (rated power). When the windspeed 
exceeds this level the excess power in the wind must be 
discarded by the rotor to prevent the turbine overload- 
ing. The power is maintained at its rated value until a 
maximum windspeed is reached when the turbine is shut 
down (cut-out windspeed). A typical power curve is 
shown in Fig. 3. On varying the pitch of the blade, the 
power derived from the wind is reduced by either par- 
tially feathering the blades or rotating the pitch in the 
opposite direction to induce stall. 



interpreted as consisting of two components. A slowly 
varying mean windspeed of, say, hourly averages plus a 
rapidly varying turbulent component The former is 
usually modelled as a Rayleigh distribution- 

where V is the hourly windspeed average and a is related 
to the very long time scale (of the order of years) mean 
windspeed. The latter is modelled by a normal distribu- 
tion with mean zero and standard deviation proportional 
to the concurrent value of the average windspeed. The 
constant of proportionality is termed the turbulence 
intensity. The spectrum for the turbulent component is 
the Von Karman spectrum, which is the power spectrum 
as measured by a small anemometer. 


0.47S«r*f/y 

L Li + (toL/V) 1 !*" 


(2) 


where a is the turbulence intensity and L is the turbu- 
lence length scale. The turbulence together with wind 
shear and tower shadow induces rapidly fluctuating Loads 
on the wind turbine which consequently appear as large 
rapid fluctuations in power. 

Smooth output power has a traditional appeal to the 
electricity supply industry as it has no experience of such 
rapidly fluctuating power sources. The more refined com- 
mercial turbines strive to obtain good power quality. (In 
this paper, the term "good power quality' refers to when 
the extent of rapid fluctuations in the generated power is 
small). Improvement in power quality can be achieved by 
continuously monitoring the wind turbine and altering 
the pitch angle of the blades accordingly. A control 
system, which incorporates the ability to vary pitch in an 
active feedback control, is required to be added to the 
turbine. 

An alternative is to design a fixed pitch rotor with 
blades that stall at the rated windspeed- At higher wind- 
speed stalled rotors produce smooth power through their 
msensitivity to fluctuations in windspeed, but the wind 
turbine structures experience greater mean thrust loads, 
f_2 and 3]. A stalling rotor is self-regulating providing 
power limiting and good power quality without the need 
for a control system. Aerodynamic assistance for start up, 
shut down and ovcrspeed protection requires further con- 
sideration. Stall regulation is still at the development 
stage, with the design of the blades not totally under- 
stood, and will not immediately supersede pitch regula- 
tion, particularly for large machines. 
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However, power fluctuations are. not the most impor- 
tant consequence of the variation of loads. This variable 
load environment contributes greatly to the fatigue of the 
turbine components. To guarantee an acceptable fatigue 
life the components are specified to withstand loads 
greater than those required by the nominal rating of the 
turbine. Variations in loads cannot be completely elimi- 
nated but reducing their magnitude is desirable. The load 
capacity of the components can be set closer to the 
turbine rating without sacrificing fatigue life; increased 
power production is possible, or, equivalently, lower spe- 
cifications for components. 

We consider the alleviation of fatigue damage to be 
one of the primary uses of pitch regulation of wind tur- 
bines. 


3 Review of control benefits 

Consider a plant, i.e. a machine which responds dynami- 
cally to some external influence, Fig. 4a. The basic 
problem is to make the output follow the input. The solu- 
tion is to employ a feedback loop. The output from the 
plant is measured and compared to the desired, response 
with the error used to adjust the plant through a control- 
ler. This is the closed-loop system, Fig. 4b, as distinct 
from the system with the controller present but no feed- 
back loop which is the open-loop system. Fig. 4c. It is the 
dynamic response of the closed-loop system (not the 
open-loop system) which determines system performance. 
As well as causing the output to follow the input the con- 
troller can achieve several things. 



where, the control action 

fc, is the control integral gain on shaft speed and k 2 is the 
control proportional gain. Substituting cqn. 5 into cqn. 4 
gives the amended dynamics 

Iij> + (S + k 3 )e/> + (X 4- fc,)<j!> = T A (6) 

The damping factor of the system appears to have been 
modified to (B -\ fc z ) and the stiffness to (K + k x ). Of 
course, they have not physically been altered, but the 
dynamics and all the forces experienced by the system 
behave as if the system had been altered as indicated. 

If the control action of eqn. 5 can be introduced with 
no penalty, then the system performance could be altered 
to any desired form. Unfortunately, this is not possible. 
The first penalty is that the greater the alteration of the 
system then the harder the control action has to work. 
The second penalty arises since the measurement on 
which the control acts is inevitably corrupted by uoise. 
The noise is fed into the system through the controller 
and adversely affects its performance. Again, the greater 
the alteration of the system the greater the penalty. When 
choosing a control design the tradeoff must be carefully 
assessed. 

In general, the addition of damping is easier to achieve 
than the addition of stiffness. The use of feedback control 
can be used as an alternative to mechanical methods of 
increasing damping in the drive train. 

3.2 The controller shapes the output spectrum 
Consider the system in Fig. 5a where the dynamics arc 
represented by G(s), the transfer function of the system. If 
the system is linear and time-invariant then the dynamics 
arc characterised by the response of the system to an 
impulse as indicated in Fig. 5b. (J{s) is the Laplace Trans- 



Fig. 4 Controlled and w 


3. 1 The controller determines the overall dynamics 
Consider the following grossly simplified model of a wind 
turbine. The dynamics arc represented by a second order 
spring, mass and damper system. 


(3) 


where I, B and K arc the aggregate wind turbine inertia, 
damping and stiffness, <j>, $ and 4> are the rotor shaft 
acceleration, velocity and position. T A is the rotor aero- 
dynamic torque. 

Control action is introduced by feedback from the 
system output, altering the input driving torque. A simple 
proportional plus integral control actiug on shaft speed 
may he used as an illustration. Th« -wind turbine: model is 
modified to 


- K<*> = 


(4) 


Fig. 5 Syscem transfer and rrspc. 
b Impulse response o[ system 


u: functions 


form of the impulse response function. To obtain spectral 
information about a system the frequency response func- 
tion K(o), which is 2k times the Fourier transform of the 
impulse response function, is required. For stable causal 
systems 

K(ta) - Gijco) (7) 

Hence, for the system with transfei function G(s) 

spectrum of output = j Gfjtu)] 1 x spectrum of input 

When the system is the closed-loop system, Fig. 5c, with 
P(s) rhc transfer function of the plant and C(s) the trans- 
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fcr function of the controller 


1 + C(s)P(s) 


and 

spectrum of output = 


I C(Ja>)P Uai) \ 2 
| 1 ■+- C(jt»)PUa>) I 
x spectrum of input 

Thus the output spectrum is shaped by the controller. 

3.3 The controller reduces the effect of disturbances 
The plant may also be subject to unwanted disturbances. 
The influence of these on the output of the system is 
reduced by the controller, i.e. it enhances the disturbance 
rejection properties of the system. The plant model is as 
indicated in Fig. 6, with P' representing any dynamic 
shaping of the disturbance by the plant. What is con- 
sidered as an input and what a disturbance is identified 
by its position in the feedback loop relative to the con- 
troller. 



Fiy. S Model of plant *>i(h disturb anr.es 

In control system design and analysis, models of the 
dynamics are required. It is not necessary for them to be 
complex detailed models, in fact the simpler the better. 
However, it must be ensured that all significant parts of 
the dynamics are represented (_4J. 

4 C ntrol irrtarpretation of a wind turbine 

There are strong pressures to make wind turbines as eco- 
nomical as possible by optimising the technology and 
reducing over-engineering to a minimum. This requires a 
working lite of 15 to 2i years with a minimum of main- 
tenance. AJso. to m inimis e visual impact, offshore siting 
is attractive but to become feasible requires bigger 
machines at leduced cost since additional costs of con- 
struction and delivering the power to land must be boruc. 
Hence, the drive is towards lighter, softer and more 
dynamically active wind turbines. At first sight, the 
control system does not appear to be involved and the 
dynamics appear simple. However, the set of interlinked 
dynamics which can become active at low frequency 
includes aerodynamics, blade dynamics, drive train 
dynamics, tower dynamics, generator dynamics and 
control system dynamics as in Fig. 7. To illustrate just 
one of these, the Campbell diagram of Fig- 8, f"\], depicts 



the tower and blade resonances for a typical three bladed 
machine. One feature of the dynamics is that they have a 
tendency to be lightly damped since the purpose of a 
wind turbine is to generate power as efficiently as pos- 
sible. If it were not so the energy would be dissipated 
wastefully. 



rotor speed. reWmin 
Tig- 8 Campbell diagram of structural resonances 

Since control requires minimalist models, Fig. 7 is sim 
plified to Fig. 9. Structural dynamics are not ignored but 
arc included by 

(i) inclusion of edgewise blade raode(s) in drive-train 
dynamics 

<ii) correlating moments and forces to hub torque, e.g. 
correlating blade flapwise bending moments at toot to 
hub torque 

(iii) noting position of resonances at low frequency and 
if necessary suppressing their excitation. 



Fig. 3 Reduced wind turbine dynamics 

The drive-train dynamics arc shown in Fig. 10. Not all 
the elements are significant for all configurations of wind 
turbines. It is the distribution of compliance along the 
drive tiain and generator that determines which is 
important. 



shaft input shi 
Drive-train dyrumlc 


The part played by the control system in shaping the 
dynamics must be identified so that the role of the 
control system be defined. Once that has been resolved 
the criterion by which control is judged may be formu- 
lated and the extent to which it assists in optimising the 
technology and reducing the over-engineering to a 
minimum may be determined. 

5 Interaction of The wind turbine with the wind 

It is important to understand the interaction of the wind 
turbine with the wind. The wind is the input which drives 
the wind turbine and the available power and turbulence 
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are characterised by lis spectral content. The resulting 
torques and moments, to which the wind turbine struc- 
ture and power train arc subject, are modified by the 
dynamics of the turbine and the control systems. The 
analysis of Madsen and Frandsert fJ6] is extended to 
identify the precise manner in which this occurs. The 
interaction is examined in some detail here. 

The windspeed varies stochastically in both a tempo- 
ral and spatial manner to form a three-dimensional wind 
field. It may be pictured as a tube throughout which the 
windspeed varies not only longitudinally but over the 
cross-section of the tube at any point. The longitudinal 
axis of the tube represents time and the wind turbine 
moves along the tube experiencing, at any one time, a 
cross-section of the tube. Thus, the wind turbine does not 
experience a single windspeed but a windspeed which 
varies over the disc swept by the rotor. The direction of 
the wind also varies in time and over the disc. Hence, the 
spectral representation of the windfitld must be multidi- 
mensional to include the variations, both in magnitude 
and direction, of windspeed over the swept disc. 

The windficld spectra, as seen at a point on the rotor, 
are shaped by the motion of the blades. First, the rota- 
tion of the totor, as indicated in Fig. 11, changes the 



iun of blades on wind field spectrum 


direction of the windspeed relative to the blades and 
accordingly modifies the spectra at all frequencies. In 
addition, it increases the high frequency parts of the 
spectra at multiples of the rotor angular velocity. This 
concentration in energy is caused by each blade in turn 
sweeping through variations in windspeed over the swept 
disc. The variation in windspeed includes tower shadow 
which is the reduction in windspeed in front of the tower, 
wind sheer which is the increase in windspeed with height 
as the boundary effects decrease and localised wind gusts. 
Secondly, the pitching of the blades about their longitudi- 
nal axis, as indicated in Fig. 12, again shapes the spectra 
by changing the relative windspeed. Thus in a fundamen- 
tal way the control system, by changing pitch angle, 
influences all the wind induced forces and torques which 
drive the wind turbine dynamics. 
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In accordance with the response of the system to the 
fluctuating loads, the feedback control changes the blade 
pitch to cause a change in the induced torques and 
moments. The effect of these changes in pitch can be 


pitching blade 


Fig. 1 2 Effect of pitching blades a 


frequency 
•Mind field spectrum 


interpreted as inducing equivalent changes in windspeed 
which leave the windrield spectra as experienced by a 
blade unaltered. Rather than changing pitch angle the 
influenw: of the control system may be depicted as in Fig. 
13. P incorporates the aerodynamics which converts the 



Fig. 13 Modification of windspeed induced dynamit 


windspeed inputs into driving torques and forces, the 
structural dynamics, the power train dynamics and mea- 
surement transducer dynamics. C incorporates the 
control system dynamics, the pitch actuator dynamics 
and the dynamics required to convert changes in pitch 
angle to equivalent changes in windspeed. W aie wind- 
speed inputs, y are the equivalent windspeed inputs 
including the control action, z is the measured output of 
the turbine (usually power) and \> is the measurement 
noise. Fig. 13 is an exact representation of the wind 
turbine. P and C are nonlinear operators which model 
the complete nonlinear dynamics of the system. Since it is 
the influence of the input y on the plant P that is of inter- 
est, an equivalent representation is as indicated in Fig. 
14a. 


Fig. 14 Equivalent rtpresentatic 


•ik-Ki.k & SlklKt-k 


The measurement noise, v', in Fig. 14a is related to v 
as m Fig. 14£>. Assuming the spectral density function of v 
is fixed, the spectral density function of v' varies with the 
value of z since C is nonlinear. In characterising measure- 
ment noise the details of the shape of the spectral density 
function is normally not particularly well known. 
However, the important property to be represented by v 
is the presence at some specified level of significant com- 
ponents over a broad frequency range including high fre- 
quencies. Given the inexact nature of v and assuming the 
control system is well designed so that the measurement 
noise does not compromise its performance over part of 
its operating envelope, it is possible, except in unusual 
circumstances, to determine an alternative representation 
of the measurement noises as in Fig. 14£>. 

It is the equivalent windspeed input y = 
£1 4- CP]~*w' which is the source of the transient loads. 
The spectral density functions of the windfield over the 
lotor are replaced by equivalent spectral density func- 
tions, and the feedback control action has no further con 
sequence (i e_ the wind turbine is essentially treated as 
fixed pitch). Lf all the structural and power-train 
dynamics were taken into account when determining the 
equivalent windfield spectral density functions over the 
rotor disc then the response of the wind turbine, with 
fixed pitch, is indistinguishable from the active pitch con- 
trolled, wind turbine, i.e. all the forces, torques and 
moments over a tunc interval, for the representations arc 
indistinguishable. The equivalent spectral density func- 
tions can be used to generate input forces to drive the 
structural dynamics and assess fatigue damage to the 
blades and tower. It can also be used to generate torques 
to drive the power train and assess the fatigue damage to 
components in the power train such as the gearbox and 
generator. As the design of the control system, varies, so 
does the equivalent spectral density function and so do 
the loads on the system. This is clearly seen in the devel- 
opment of the control system for the MOD- 2 wind 
turbine [Tj. 

The progression of the transient loads is traced 
through P in Fig. 15. P t incorporates all the power train 


windsp^wo torque 


Fig. 15 


>/j ofiransiem loads along drive tr 


dynamics which relate the gearbox input torque to the 
equivalent windspeed inputs; P t incorporates the 
dynamics which relate the generator shaft speed to the 
gearbox torque; ^ 3 incorporates the dynamics which 
relate the generator reaction torque to the gearbox 
torque; P± incorporates the dynamics which relate the 
generator power to the gearbox torque; C t incorporates 
the dynamics which relate the control action to the gen- 
erated power. As before, Fig- 15 is an exact representa- 
tion with Pj, P z , P 3 , and C x nonlinear operators. 
Their lelationship to the loads on the wind turbine com- 
ponents is depicted in Fig. 16. The effect of the control 
system on the structural loads may be assessed from the 
equivalent windspeed, the effect on the gearbox from the 


gearbox input torque, the effect on the generator from the 
gearbox speed and reaction torque, the effect on power 
smoothing from the power output and the control action 
cost from the control action output. 

rotali'onally sampled 


j shopi 


shaping by 
and elect load 


y dynamics * 


Fig. 16 Relation of transient loads to turbine si 


6 Effective windspeed spectral density function 

Having established the extent of the influence of the 
control system on the wind turbine, the representation of 
the system is simplified. To determine the wind input 
which drives any particular component of the aero- 
dynamics or stnictural dynamics, the spectral contribu- 
tion of a small element is obtained and integrated over 
the relevant part of the turbine. Of particular interest 
here is the rotor torque which drives the turbine rotor, 
the spectrum for the moment, perpendicular to the blade 
in the plane of the rotor, induced at a point by the wind- 
field is determined and integrated over each blade to 
obtain the total torque. The result is a single spectrum 
which can be represented as being due to an effective 
windspeed spectrum rather than the windfield spectra, i.e. 
the spectrum for an average windspeed constant over the 
rotor disc that induces the same rotor torque spectrum. 

For windspeed at a point the appropriate spectral 
density function is the Von Karman spectrum, Fig. 17a. 
However, as previously indicated, the turbine blades 
sweep through the three dimensional windfield which 
modifies it. Fig. 17b, as in Council and George Q8J and 
Kristensen and Fiandsen who have shown that the 
spectrum is basically Von Karman at low frequencies 
with power transferred from the midfrequency range to 
peaks at multiples of the blade passing frequency. The 
peaks contain both a stochastic contribution due to the 
wind turbulence and a deterministic cyclic contribution 
due to tower shadow, wind shear etc. The latter are not 
infinitely narrow since they axe broadened by the fluctua- 
tions in shaft speed. Thus the windspeed spectrum is 
modelled by shaping the Von Karman spectrum by an 
appropriate transfer function. This windspeed spectrum 
for the windspeed input w, is designated 5„(cu). 

The measurement used as input to the controller is 
inevitably corrupted by noise, v. The noise influences the 
control action and results in errors in positioning the 
blades, which are experienced by the wind turbine as 
changes in the torques and moments. The measurement 
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noise and wind are assumed to be uncorrected and from 
Fig. 14a Che spectral density function for the turbulent 



Fig. 17 Frequency spectra 
u Von ICanDaQ specimm 
b Romlionally wmplcd spectrum 
f II + cr\ 


The limitation placed on the control by the presence of 
measurement noise as mentioned in Section 3 can be 
assessed from eqn. 11 or 12. The noise is usually assumed 
to be white noise when S„(cu) becomes constant The con- 
tribution of the noise to the input spectrum increases 
with | C |, and hence with the control gains. 

By changing the pitch angle of the blades, the 
dynamics of the plant and controller modify the input to 
the wind turbine. From the previous discussion, it can be 
interpreted as being due to a turbulent wind, and from 
Fig. 18b the effective spectral density function is 

s ^ = FitW 5 ^ (13) 



Fig. 18 Dynamics models 

a Linearised model ur wind turbine dynamic 

h Equivalent repcraenlatiau of dyiiun ics 

In Madsen and Frandsen [6~] it was essentially assumed 
that 

CP - W„)/(ja>) (14) 

i.e. the power train was assumed to have no dynamics 
and the control was simple integral action. 


wind as experienced by the blades is amended to 

--- SJto) + SAa>) (9) 
The wind spectrum experienced by the blades is not only 
modified by the rotational motion of the blades but is 
also modified by the axial motion of the blades, the band- 
width of which can easily include most of the significant 
frequency range of S w \uj). To obtain greater insight, tho 
wind turbine system is linearised about some operating 
point. The operators P, C, P x , P i , P 3 , f» A and C t become 
the transfer functions P, C, P t , P 2 , P 3 , P<. and C 4 . The 
measurement noises are related by 

v' = Cv (10) 

and their spectral density functions by 

SAa>) - |C| 2 S.(cu) (11) 

The combined windspeed and measurement noise spec- 
trum becomes 

S w .(oj) = SJoj) + | C | a S,(<u) (12) 


n tower and 

To estimate the loads on the blades and tower, the struc- 
tural dynamics must be driven by a wind input modified 
by the operator [1 4- CP~\~ l . However, to assess the 
influence of the control action on a particular blade or 
combined blade and tower mode of the structural 
dynamics, only the frequency response function H, coup- 
ling the input to that mode need be known. A possible 
shaping function, 1 1 +- CP\' 2 , is shown in Fig. 17c and 
| H{(o)\ 2 in Fig. lid. A comparative estimate of the struc- 
tural loads can be determined directly from the effective 
windspeed spectrum. The spectral density function, S^ai) 
for the resulting excitation of the mode is 


The contributions of all the significant structural i 
need to be included. 


(15' 
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To r«ducc structural loads the shaping function, 
| 1 + CP\~ 2 , should reduce the magnitude of the input 
spectrum at the structural resonances since it is the 
power in the spectral dcusity function near these fre- 
quencies which will excite the structural modes. In Fig. 
17, at frequency cu,, a peak in S„.(qj) coincides with peaks 
in 1 1 -+- CP | -2 and \H\ 2 , which is more damaging to the 
structure than the peak in S^(co) at co 2 . which coincides 
with a peak in |ff |* but a trough in 1 1 4- CJ»( -i . (These 
am extreme cases, since normally the structural modes 
would not coincide with multiples of the rotor speed). In 
addition the high frequency components of the spectral 
density function are relatively more damaging than the 
low frequency, £10]. For a given wind turbine, S v .(cu) and 
[ H\ z are known. The relative merits of alternative control 
actions arc judged by comparing the shape of 
1 1 + CP |" 2 to the shapes of S^cS) and [ H \ 2 . Although it 
is not entirely clear from the information given, it would, 
appear from Gordon et al. fYJ that the design of the 
control system for the IvfOD-2 wind turbine was adjust- 
ed, over eighteen months on an ad hoc basis, until the 
shaping function | I 4- CP | -2 counteracted the excitation 
of structural modes. 

To simplify the preceding analysis, the spatial varia- 
tion, over the disc of the windfield, and hence of the loads 
has been neglected. The variations in the aerodynamic 
coefficients over the disc are accounted for in the oper- 
ator £1 4- CF} 1 but are not in the scaling factors 
| 1 + CP\~ 3 in eqn_ 13. Nevertheless, for the purpose of 
comparing different coutrol actions [1 4- CP\~* is an 
adequate approximation. The profile of the windfield also 
determines the extent to which the structural modes are 
excited and the extent of the aerodynamic damping [2, 
11]. Without individual blade control, to cater for these 
alterations in the structural dynamics is nor within the 
capabilities of the controller. However, to assess different 
control actions the exact details of |H| a need not be 
known. Only the frequencies of the modes and their 
approximate width are required together with a ranking 
in terms of importance. Tf need be, a weighting function 
| fT L | z v can be formulated which includes this information. 
In addition, the structural modes themselves, when 
excited, modify the effective input spectral density func- 
tion. However, only in extreme cases would the effective 
winds peed be noticably affected since the speed of motion 
of the structure is small compared to fluctuations in the 
windspecd. It might then affect the estimation of the load 
but would not affect the comparison of control actions, 
particularly for controllers that do not enhance these 
modes. 


8 Influence of control systems on power train 
components 

The manner in which the control action interacts with 
the wind turbine has been determined. The modified 
input winds peed and a means of relative load assessment 
for the blades and tower have been obtained. The power 
tiaiu is subject to the same input and the implications for 
it leuiains to be similarly assessed. The propagation of 
the loads is shown in Fig. I S. 

Gearbox fatigue is caused hy stressing of the gearbox 
tcctb in response to torque overloads. For an input 
torque in excess of the gearbox rating, the fatigue damage 
increa^ as the extent to which the rating is exceeded 
increases and, also, increases as the length of time the 
overload persists increases fJ3]. Hence, a useful indicator 
of gearbox fatigue above rated windspeed is the variance 


of the input toiquc to the gearbox, i.e. the aiea under the 
spectral density function S cj1 {&j) of the input torque where 

S a ^u) = \P l \ t S^o») (16) 
Generator fatigue is caused by thermal stressing of the 
generator windings. It increases as the generator rotor 
speed increases above its rated speed and, also, increases 
as the time spent above rated rotor speed increases f_3J. 
Hence, a useful indicator of generator fatigue above rated 
windspeed is the variance of the high-speed shaft speed, 
the area under the spectral density function, i'c(tu) of the 
high-speed shaft speed where 

S 0 (eu) - I P*P X \ 2 S^cj) (17) 

The gearbox couples to the towei through the reaction to 
the forces on it. These forces act transversely. Their spec- 
tral density function is proportional to the spectral 
density function, S CB (a>), of the gearbox. The structural 
load implications are assessed by the same means as for 
the direct structural loads in Section 7. Hence, only the 
frequencies of the transverse tower modes and their 
approximate width are required together with a ranking 
in order of importance. Again, a weighting function, 
|/f 2 l z . can be formulated which contains this informa- 
tinn. 

Measures have been obtained for assessing the manner 
in which the control action modifies the various stresses 
to which the wind turbine is subject (These are not 
meant to be definitive but simple and easy to use in a 
control, context). If the control action moderates the 
stresses then the power quality also improves. The 
variance of the power generated is a convenient measure 
of the power quality, i.e. the area under the spectral 
density function SpCco) for the power where 

S r (a>) = lP a .P i \ x S l &B) (18) 

Finally, the magnitude of the control action cannot be 
allowed to become excessive. A suitable measure for the 
magnitude of the control action is its variance, i.e. the 
area under the spectral density function of the control 
demand S^ca), For wind turbines, a typical limitation on 
the control action is the rotational velocity at which the 
pitch of the blades can be altered or the rate of chauge of 
the pitch velocity, f_2, 3J. Also the control action should 
nor have aa excessively high frequency component. A 
shaping function, \H 3 \ Z , can be combined with S^fjj) to 
restrict, both to these factors. A typical choice might be 

1^3 I 2 - a. 2 (19) 

Normally, the control action is driven by a power mea- 
surement, particulady for constant speed wind turbines, 
when the control demand is, from Fig. 15, C t (v 4- P a .P l y) 

ScM - | C, | 2 1 1' + CP \~ 2 ( | i\P«. pSjM + S,(co)) (20) 
wliich for low levels of noise reduces to 

Scicu) -IC^PJ^eu) (21) 


9 General cost function for the control system 

To assess a control system for a wind turbine each of the 
spectral items of Sections 7 and 8 must be considered. A 
single unified measure which can be used for optimised 
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control design purposes has the tbilowing structure 

Structural loads J = J {a\ \ H l fS^to) 

Gearbox loads + a\ S GC ^ai) 

Generator loads ■+- a% & c {ai) 

Transverse tower loads a% | H 2 \ 2 S c J,<o) 

Power smoothness + a\ S^oi) 

Control cost + a\ \ H 3 \ 2 SJco)} den (22) 

The control system is designed to minimise, in some 
sense, the cost function, J. It is simply a weighted average 
of the power associated with each of the indicators of 
performance previously discussed. 

The various spectra in the cost function (22) are 

S a J<») = 1 Ft \ 2 S^) 

SeM = I C, | 2 | 1 + CP | ~ 2 (| P L \ 2 S W M + S y M) (23) 

The relative importance of each of the terms reflected in 
the value of the scale factors, a,, is strongly dependent on 
the turbine configuration and will inevitably involve 
tradeoffs. Although J seems complex many of the terms 
will be negligible and may be left out when used to assess 
a particular wind turbine. Moreover, a complex cost 
function need not necessarily give rise to a complex 
control system design, but allows a more thorough evalu- 
ation. 


10 Control and structural fatigue 

Although the influence of the control system on the struc- 
tural loads has been discussed, the relevance for structur- 
al fatigue remains to be clarified. The structural loads can 
be considered to be composed of three components. The 
first contribution to the total is the mean loads over the 
rotor disc which would arise if the blades are controlled 
perfectly and the pitch angle is appropriately set for the 
mean windspeed experienced by the wind turbiue at any 
given time, i.e. the design loads. The second is the mean 
loads over the rotor disc which arise from the control 
being imperfect and the pitch angle not being appropri- 
ately set, i.e. the off design loads. The third is the loads 
due to the variation of the windspeed over the rotor disc 
which occur at multiples of the rotor angular velocity tl, 
i.e. the cyclic loads. 

In the main above rated windspeed, the design loads 
are less for a pitch regulated than for a stall regulated 
machine but the cyclic loads are larger. Of course, the off 
design loads are not applicable to a stall regulated wind 
turbine. However, it is not our purpose to compare pitch 
regulation to stall regulation. 

The fatigue damage is assessed by counting the 
number of occurrences of cycles with each possible ampli- 
tude in the total loads. The bulk of the damage is caused 
by the cycles with greatest amplitude which occur ar low 
frequency [2, 3], It is the superposition of the three com- 
ponents of the structural loads which generate these low 
frequency cycles. Even though it is nor possible to 
remove che low frequency cycles, reducing the higher fre 
quency components of the loads reduces the fatigue 
damage caused by them by reducing their amplitude. 
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The control system affects the structural fatigue by 
determining the extent of the off-design loads. One of the 
objectives of the control system should be to reduce 
these. In addition, if the control system of a constant 
speed wind turbine (Section 11), performs poorly in regu- 
lating drive train loads, particularly as the mean wind- 
speed increases, then the power rating of the wind turbine 
may need to be reduced with rising windspeed. A conse- 
quence is an increase in fatigue damage since the ampli- 
tude of the low frequency cycles of the structural design 
loads increases. For a variable speed variable pitch wind 
turbine (Section 12), the pitch angle of the blades is con- 
trolled in response to a measurement of rotor speed. 
When the machine is subject to a change in windspeed, 
the pitch angle is only adjusted after the rotor speed has 
responded to the induced changes in the rotor torque. 
Because of the large rotor inertia the pitch regulation is 
slow and the wind turbine experiences large off design 
loads. 

The control system also affects the structural fatigue 
by indirectly influencing the extent of part of the cyclic 
loads. Since all blades are assumed to act in unison, only 
those cyclic loads which enter the drive train and the 
cyclic loads which are correlated to them are affected. 
Usually, the most important of these cyclic loads are 
those which have frequency nCl where n is the number of 
blades. They occur at too high a frequency to be directly 
controlled but at these frequencies the control system 
acts to enhance disturbances rather than to reduce them 
Hence, the controller may increase substantially the 
cyclic loads of frequency n. For example, in respect to the 
tower shadow cyclic load on a two bladed wind turbine, 
the blades may be adjusted 180° out of phase to the 
response required to smooth the tower shadow cyclic 
load. 


1 1 Constant speed wind turbinos 

A constant speed wind turbine is a simple configuration 
with the generator connected to the grid and directly 
driven by the drive train. 

There is an extensive literature on the control of con- 
stant speed wind turbines with about 100 publications 
FJ121- However, no treatment of the problem is entirely 
satisfactory. Frequently, there is no dear statement of the 
control objectives but the most common, often unstated, 

(a) power limiting 

(b) power smoothing 

(c) response to isolated gusts or ramps. 

The treatment of the dynamics and the stochastic nature 
of the windspeed is also sometimes inadequate. The most 
thorough investigation to date is Mattsson [13]. 

The constant speed wind turbine configuration is char- 
acterised by stiff power train dynamics. The electrical 
generator is locked to the grid, thereby permitting only 
small deviations of the rotor shaft speed from the 
nominal value. The system is very responsive to wind 
induced load disturbances. 

A typical wind turbine with appropriate rating for a 
given site spends about 25% of the time in each of the 
following modes [2]: 

(i) shutdown as the windspeed is too low 

(H) generating below rated power 

(iii) operating near rated windspeed, i.e. at the knee of 
the power curve 

(iv) operating above rated windspeed. 


When operating below rated windspeed no pitch, regula- 
tion is normally undertaken. When operating above 
rated windspeed, one of the primary goals of the control 
system must be to minimise the stress on the power train 
since the power train and the gearbox in particular 
accounts for a significant par t of the capital cost. It must 
also improve the power quality and not have any adverse 
effect on the structural loads. 

For operation above rated windspeed the terms of the 
cost function in eqn. 22 which are important depends on 
the precise turbine configuration. When there is little 
compliance in the drive train there is no significant differ- 
ence between the first five terms in eqn. 22 and a u a 2 , a a 
and a s can be set to zero since the gearbox stress is the 
most important factor. The appropriate cost function is 

A = J ^ai Sc/M + «S I ff a I 2 Sc(«u)} dco (24) 

Compliance and/or damping is sometimes added to the 
drive train ar various points using mechanical devices 
such as quill shafts, torque limiting gearboxes and fluid 
couplings or generators with large amounts of slip. The 
added compliance protects the drive train components 
but this does not necessarily imply that the control action 
can be reduced since the first term in the cost function 
eqn. 22 may become significant Hence, only a 3 , a A and 
a s arc now zero and the appropriate cost function, is 

+ al\H i \ r S c iCDj} da> (25) 

To illustrate the preceding consider the simplest configu- 
ration possible, i.e. a constant speed machine with no 
compliance adding devices in the drive train. The physi- 
cal control model of the constant speed wind turbine in 
Reference 14 is depicted in Fig. 1 9 where 

w = effective rotationally sampled windspeed 
T' f = aerodynamic rotor torque 

T f = rotor torque corrected for dynamic wake effects 
P c — electric power 
P cm measured electric power 

v = measurement noise 
P cn = nominal or rated electrical power 

= demand pitch angle 
4> a ~ actual pitch angle 

AJ1 the dynamic blocks are self-explanatory except the 
induction lag. When the windspeed or pitch angle 
changes it takes some time for the downstream wake of 
the wind turbine to adjust. The induction lag £5] is the 
dynamics associated with this aspect of the aero- 
dynamics. The outputs the control system should be 



Fig. 1 9 Physical control modal for a constant speed wind turbine 
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aiming to regulate are primarily T s and for some configu- 
rations Tf. The variation of the aerodynamic gradients 
8T r /Sw and STj-/&4> a over the operational domain of the 
wind turbine is quite strong and the control system must 
accommodate the range. 

Four of the system outputs arc very similar, namely 
the gearbox input torque, generator rotor speed, gener- 
ator reaction torque and the power. In classical control 
terms there are only two independent cases. In the first 
case, the objective of the control system is to alleviate the 
transient component of the aerodynamic torque, Fig. 20, 
where T, — gearbox input toique, T em = measured torque, 
and T 0 = nominal or rated torque. 


1 I 



Fig. 20 Control model with output of aerodynamic torque 

The second is to alleviate the transient component of 
the generator reaction torque, Fig. 21. The difference 
between the two interpretations is the role of the power 
train dynamics. In both, the windspeed turbulence cu, is 
treated as a disturbance which the controller is required 
to cause the system to reject. The hourly average wind 
speed changes are treated as a slow external disturbance 
which the controller regulates normally by integral 
action. For turbines with low slip generators the 
dynamics of the two cases may also be similar but the 
specification for the control systems can remain distinct. 

The standard control action used in practice for wind 
turbines has been PI (proportional plus integral action). 
However, this may not be entirely satisfactory and it has 
been frequently shown that the addition of damping to 



I4J 

Fig. 21 Control model with nutpul of generator torque 
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the system (by inclusion of feedback of slip measurement) 
improves performance [16, 17]. The reason is that the 
power tram dynamics are characterisable as two modes. 
The first mode at low frequency is often near the band- 
width of the control system and is lightly damped to 
avoid the unnecessary dissipation of energy. Unfor- 
tunately, PI control is unable to add damping. Consider 
ihe control action 

*. + 7 = k ( L ^) W 

Fig. 22 shows part of the root locus for the dynamics of a 
typical wind turbine. The complex conjugate pair of poles 
are the first mode of the drive-train. When Feedback is 
employed, k causes this pair of poles to track towards the 
imaginary axis and so reduces the degree of damping. 

lO.OOr 


- ft.67j- 

~'°'°?0.45 -0.292 -QA33 0.025 

Fig. 22 Pari of root locus of ppen-loop system 

The Bode plot for (s + a)/s. Fig. 23 (for a nominally 
10 rev/s) illustrates that it reduces the open-loop phase 
margin and so, also, must reduce damping- The obvious 
remedy of derivative action is not applicable because of 
the stochastic nature of the windspeed turbulence. 
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Fig. 23 Bvdc Plot of{s + o)/s with * = 10 rev/s 
PI compcn-aior + 10/j) 

One further goal the control system should attempt to 
realise is to maximise the energy capture of the wind 
turbine, particularly when operating near to the rated 
windspeed- The aims of the control system fl] are sum- 


marised as follows: 

(a) Alleviate transient loads throughout the wind 
turbine to relieve stress. 

(fc) Regulate and smooth the power generated. 

(c) Shape the dynamics to satisfy the usual per- 
formance criterion, i.e. impart satisfactory stability 
margins and steady state errors. 

(</) Maximise energy capture. 


12 Variable speed wind turbines 

In variable speed wind turbines the generator does not 
directly couple the grid to the drive train. Instead the 
rotor is permitted to rotate at any speed by the power 
generation unit which might typically be a generator- 
rectifier-inverter combination. 

The ability to operate at varying rotor speed, effec- 
tively adds compliance to the power train dynamics of 
the wind turbine. Hence, although all the aspects investi- 
gated in Sectious 7 and 8 are still relevant, the weighting 
given to the goals of alleviating stress on the power train 
need not be so great. However, it must Still be evaluated. 
As the shaft speed varies the frequency of the peaks of 
S^cw) vary as does the frequency of the structural modes, 
although the extent of the variation for the latter is rela- 
tively small [2, 5]. It may be assumed the rate of change 
of the mean rotor speed is slow compared to the rapid 
fluctuations in the windspeed and loads. The variable 
speed wind turbine can, thus, be analysed quasistatically 
in the manner of the constant speed wind turbine 
Because of this movement in the spectral peaks the 
requirement on the structural dynamic loads may be 
more stringent. 

For the variable speed wind turbine there may be 
more than one control action. When The power gener- 
ation is by an AC-DC-AC link there are three, namely 

(i) an AVR (automatic voltage regulator) on the gener- 
ator output voltage 

(ii) control of the power electronics links to the grid 

(iii) variable blade pitch. 

In addition to power measurement, a measurement of 
shaft speed may also be made. Used in conjunction fi) 
and (ii) control the electrical power generated and there- 
fore the generator reaction torque which obviously 
influences the rotor speed Control without pitch action 
through the generator reaction torque can be analysed 
in a similar manner to pitch regulation, but without, 
the shaping of the windspeed spectral density function 
by |1 + CP Whether satisfactory control can be 
attained in this manner alone, e.g. by stalling the rotor 
above rated windspeed, needs to be investigated. Alterna • 
tively active pitch control is used in conjunction with 
generator reaction torque. In the latter case the design of 
the control system is a genuine rwo input two output 
control problem with significant interaction between the 
two control actions [18]. 

There are a variety of different operating strategies for 
variable speed wind turbines and each could be evaluated 
separately. The turbine is caused to track a predefined 
torque-speed trajectory and an additional goal of the 
control system is to track this trajectory as closely as 
possible £19]. Atypical strategy is described below. 

Below tated wind speed the operation of the turbine is 
regulated by varying the generator winding voltage or 
the inverter firing angle. In essence the load on the gener- 
ator is adjusted and so is the reaction torque the gener- 
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aloi imparts to the drive train. This facility is used to 
vary the rotor speed. The aim is to cause the wind 
turbine to extract energy from the wind as efficiently as 
possible. As a given windspeed. the efficiency peaks at a 
specific rotor speed. In Fig. 24 [20], the relationship 
between the torque on the rotor induced by the wind and 
rotor speed is depicted by curves each of which is for a 
constant wind speed. The locus of states of maximum effi- 
ciency is the curve C pm ^.. To maximise energy capture 
below rated windspeed the wind turbine is controlled to' 
track the curve ab from left to right as the windspeed 



a 0.2 O.c 0.6 0.8 10 1.2 1.6 1.6 1.8 


Fig. 24 Tor qui:/ speed curves for a variable speed wind turbine 


Above rated windspeed there is a large range of modes 
of operation [20], One approach is to control the turbine 
to track the curve rd on Fig. 24 from right to left as the 
windspeed rises. The motivation is that as the rotor speed 
fails the rotor stalls which reduces the loads oa the blades 
and makes the loads less sensitive to variations in wind- 
speed. Another approach is to combine variable speed 
operation with a variable pitch capability. There arc now 
two control actions, the generator reaction torque and 
blade pitch angle. 

The control problem for the variable speed wind 
turbine has a number of additional features compared to 
the constant speed machine. The dynamics of the variable 
speed generator are more complex and highly nonlinear. 
The constant speed generator is enclosed by a very 
strong feedback loop from the direct attachment to the 
giid. Tn consequence the dynamics of the generator are 
simplified and essentially linear. The variable speed gen- 
erator is open loop unstable. When the wind induced 
torque increases the rotor accelerates but the generator 
reaction torque decreases with the resulting increase in 
shaft speed. The wide range of rotor speeds inevitably 
implies that the turbine encounters structural resonances. 

The appropriate cost function is shown in eqn. 23 with 
all teims included. There is an extensive range of possible 
coniigu rations with various choices of range of speed, 
power generation unit and control actions. The weigh- 
tings in eqn. 23 are chosen accordingly. Very little atten 
tion has been paid to the control problem and there are 
ooly about 10 publications on the subject. The 

general objectives arc the same as for constant speed 
wind turbines but in addition the variable speed wind 
turbine must be regulated to exploit it to the full the vari- 
able speed facility by tracking some curve in the torque/ 
rotor speed plane. Of course, improvement in tracking 
must not be at the expense of reducing the power factor. 


13 Measurements for control 

The electric power generated is the most basic and sim- 
ple measurement that can be. made of the wind turbine 
state. It is sometimes suggested f_16] that it might be 
advantageous to supplement power measurement with 
direct slip measurement, particularly for the constant 
speed wind turbines, since the delay due to the generator 
time constant is removed from the measurement 
dynamics. However this argument is not justified [1]. 
The generator exerts a strong torque feedback which 
effectively couples together the slip and reaction torque 
of the generator. Because the power and reaction torque 
are also strongly coupled, slip and power measurements 
are equally valid from a control viewpoint. In studies 
[17], where a feedback based on slip measurement is 
included in the control system, the results are frequently 
unproved but this is because the slip measurement is 
being used to add damping to the system and not 
because the slip measurement is inherently better. 
Damping can readily be added to the control action by 
other means. 

Other measurements on the drive train are possible 
such as shaft speed or shaft torque. Provided information 
over the frequency range required by the controls system 
can pass down the drive train, measurements of torque in 
addition to power are unnecessary. For variable speed 
wind turbines a measurement of speed shaft is required 
since the control system tracks a torque-speed trajectory. 
Shaft speed is differentiated from slip. The former is the 
absolute lotational Velocity whereas the latter is the dif- 
ference between the shaft speed and the rated shaft speed. 
The measurement of slip requires a far higher degree of 
accuracy. 

No individual monitoring of the rotor blades is 
required since they are assumed here to act in unison. 

The final measurement which might be of interest is 
windspeed. A measure of the mean windspeed is of course 
useful for general operation of the turbine but it is prob- 
lematic to obtain a representative windspeed as experi- 
enced by the turbine [1]. The best anemometer for the 
wind turbine is the turbine itself. 

14 Implications of control for wind turbine design 

Mechanical damping is often added to the drive-train of 
wind turbines. The control system is an alternative means 
of adding damping which avoids the dissipation of power 
as heat within the power tiain. It might even be used in 
this manner below the rated windspeed. 

Each specific wind turbine configuration has a charac- 
teristic frequency (related to the dynamics of the blades 
and their actuating systems and the torsional stress the 
blades can sustain) above which the control system 
cannot operate. For lower frequencies the control system 
should regulate the loads and for higher frequencies the 
compliance of the power train should absorb the loads. 
There should not be a significant gap between the 
maximum frequency at which the control system can 
operate and the minimum frequency at which the compli- 
ance qf the drive train becomes effective. If a significant 
gap exists, the wind turbine will be subject to unregulated 
loads. 

The contra! system requires information on the loads 
it is required to counteract Therefore, information at all 
frequencies up to the characteristic frequency of the con- 
trols system must be passed to the measurement trans- 
ducer. To avoid the need for high gain controllers with 
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their associated noise problems, no component of the 
power train should act as a low-pass filter in the fre- 
quency range of the conlrol system, i.e. the bandwidth for 
each component must be greater than the characteristic 
frequency. Consider the power train, Fig. 25. None of the 
components should prevent information from passing 
down the power train to the output measurement. If a 
component does, relevant information becomes unavail- 
able to the control system which is rendered ineffective 
tor part of its frequency range. An additional measure- 
ment before the restriction is necessary to recover the lost 
information. 


consideration. Stall regulation is stiH at the development 
stage and will not immediately supersede pitch regula- 
tion, particularly for large machines. 

Power quality, alone, is too blunt a criterion on which 
to assess the design of the controller for variable pitch 
regulation. There is an extensive range of strategies which 
can be adopted without significant loss of power quality. 
The dynamics of the controller interact with the 
dynamics of the structure and so have implications for 
the fatigue life of the turbine. Similarly, the dynamics of 
the controller interact with the dynamics of the drive 
train and have implications for the fatigue life of the drive 


15 Implications of control for cost of power gener- 
ation 

The control system has implications for the cost of power 
generation by wind turbines since it reduces the load fluc- 
tuations and sticss to which the machine is subject. The 
specification of components can be set closer to the 
nominal rating. The control system can also improve the 
i ate of energy capture. Both of these factors arc related to 
the cost of power generation. Only a thorough investiga- 
tion of the control design problem can clarify the tradeoff 
decisions contributing to a minimum cost, long life 
system. 

16 Summary and conclusions 

Variable pitch control on wind turbines was introduced 
for the following reasons. Turbines must be capable of 
being started and run up to speed in a safe and con- 
trolled manner; stopping must be similarly controlled. In 
emergency conditions ovcrspeed protection must be pro- 
vided and industrial practice has tended not to favour a 
reliance solely on mechanical brakes. The general 
opinion is that some aerodynamic assistance is preferred 
for these operations. The power of the wind increases 
sharply with windspeed. At a predetermined windspeed 
the power input to the turbine will have reached the limit 
for safe operation. To prevent overload as the windspeed 
uses above rated, the turbine must be regulated to spill 
(he excess power in the wind. 

Rapid windspeed charges produce variation in loads 
which cannot be completely eliminated- Reducing the 
magnitude of these variations is desirable as it allows the 
turbine to be operated closer to its design limits without 
fear of electrical or stress overloads; an increase in powei 
production or a reduction of component ratings are thus 
possible. "Smooth' output power also has a traditional 
appeal to the electricity supply industry as it has no expe- 
rience of such rapidly fluctuating power sources. The 
more refined commercial turbines strive to obtain 'good 
power quality'. 

Improvement in power quality can be achieved by 
using a control system which monitors the turbine and 
alters the pilch angle of the blades accordingly. An alter 
native is to design a fixed pitch rotor with blades that 
stall at the rated windspeed. A stalling rotor is self- 
regulating providing power regulation and good power 
quality without a control system. Start up, shut down 
and overspeed protection of such a rotor, requires further 


train components The choice of control strategy moder- 
ates or accentuates the torques and moments to which 
the components of the wind turbine are subject. If the 
torques and moments are moderated then, of course, the 
power quality improves, but to improve the power 
quality alone will not by itself moderate the torques and 
moments. Good control must aim to moderate them. 

The relative importance of each of the factors involved 
in the assessment of the control design is strongly depen- 
dent on the turbine configuration and inevitably will 
involve tradeoffs. For variable speed machines some 
requirements can be relaxed because of the increased 
compliance in the drive tram as compared to the con 
stant speed case. But others become more stringent since 
the shaft speed varies and the turbine is caused to track a 
predefined torque-speed trajectory. 

To date wind turbine control has been judged in terms 
of power quality or in terms of the response ol the wind 
turbine to simple wind profiles such as an isolated gust or 
ramp in windspeed- These arc not adequate criteria on 
their own. 'Good control' should aim to realise the fol- 
lowing objectives: 

(a) Relieve stress and reduce fatigue on the wind 
turbine by smoothing the torques and moments through- 
out the systems. 

(t) Maximise energy capture of the wind turbine. 

(c) Regulate and smooth the power generated. 

(d) Shape the dynamics of the complete power train to 
the usual performance criterion, i.e. impart satisfactory 
damping and steady state behaviour. 

Active pitch control modifies the spectral density func- 
tion of the windspeed the wind turbine effectively experi- 
ences. This effective spectral density function generates 
the fluctuating loads to which the wind turbine is subject. 
One approach to wind turbine design is to overengineer 
the system to the extent that the structural and power 
train dynamics decouple and the components are speci- 
fied to be capable of absorbing all the fluctuating loads. 
An alternative is to reduce the over-engineering to a 
minimum by regulating the response of the wind turbine 
to the fluctuating loads The historic trend is to the latter 
as turbines become lighter, more flexible and hence more 
cost effective f 213- To investigate and assess any aspect of 
performance of such wind turbines requires the dynamics 
to be subject to the correct input. That require;: the 
shaping by the action of the controller to be incorporated 
and is dependent on the quality of the control. Likewise, 
that the action of the control system shapes the input in 
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this manner, must be recognised when designing the 
control system. The most direct and secure route to the 
lowest cost turbine is through a. consideration of the 
complete system and its environment including the 
control system [22]. 
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